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Abstract
Histological observations were made in common carp larvae in order to understand the origin
. of the phospholipid PL requirement of fish during their young stages. Larvae were fed for 6 or 8
days after start-feeding on semi-purified diets containing peanut oil and supplemented with or
.  . without different PL fractions enriched in phosphatidylcholine PC or phosphatidylinositol PI . A
group of larvae was also fed Artemia nauplii. Dietary PL deficiency was associated with an
accumulation of fat droplets in the enterocytes of the anterior intestine, an increase in height of
mucosal epithelium, a reduced total liver volume and mean hepatocyte volume. In contrast, diet
supplementation with PC from hen egg yolk or from soybean prevented the intestinal steatosis and
resulted in larger liver volume and larger hepatocyte volume. Larvae fed Artemia showed the same
features as larvae fed PC-enriched diets. Hydrogenated PC also prevented the intestinal steatosis
but resulted in small liver and hepatocyte size. Larvae fed PI-enriched diets exhibited intestinal
steatosis, although less systematically than larvae fed PL-deficient diets, and reduced liver and
hepatocyte size. Results support previous opinions that PL are needed for the absorption of neutral
lipids although their beneficial effect appears to be independent of their emulsifying properties.
The limiting stage seems to be the synthesis and exportation of chylomicrons or very low density
. lipoprotein VLDL by the enterocytes and not the intraluminal formation of micelles. PC appears
to have a specific role for chylomicrons and VLDL synthesis and secretion, as in mammals. The
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reduced liver and hepatocyte size in the absence of PC could result from a decreased energy
supply due to poor lipid absorption. q1998 Elsevier Science B.V.
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1. Introduction
. A nutritional requirement for phospholipids PL during the larval stage has been
. reported for several fish species Kanazawa, 1993; Geurden et al., 1995, 1997a . In
start-feeding carp larvae, PL-deficient diets lead to low survival and growth rates. Diets
. supplemented with purified phosphatidylcholine PC from soybean improved initial
. larval growth, but also induced mortality, whereas dietary phosphatidylinositol PI from
 soybean resulted in high survival and low occurrence of deformed fish Geurden et al.,
. 1997b .
To explain the nature of the PL requirement and the role of these lipids during larval
. stages, Kanazawa et al. 1985 suggested the participation of PL in the intestinal
. absorption of neutral lipids. Koven et al. 1993 found an increased incorporation of
labelled oleic acid in 21-day-old gilthead seabream when soybean PL was added to the
diet. The latter authors suggested that PL could improve lipid absorption by their
emulsifying properties and compensate for the presumed insufficient biliary secretion of
larvae. In the same species, a beneficial effect of PL on the incorporation of ny3 fatty
acids originating from dietary neutral lipids into larval lipids was also reported by Salhi
. et al. 1995 . In contrast, in carp larvae, no relation was found between the emulsifying
. capacity of dietary PL and survival or growth Geurden et al., 1995 .
The present study was undertaken in order to obtain more information on the effect of
PL on intestinal lipid absorption. Anterior intestine and liver were both examined:
anterior intestine, as it is the site of lipid absorption and as its histological appearance is
. modified by starvation Kjørsvik et al., 1991 , and liver, as this organ is particularly
. sensitive to various nutritional conditions in larvae Escaffre and Bergot, 1986 .
2. Materials and methods
. Common carp Cyprinus carpio L. larvae originated from three rearing experiments.
. They were fed from first-feeding day 0 of the experiments onwards either one of nine
. . semi-purified diets Geurden et al., 1997a,b or live food unpublished experiment . All
. artificial diets Table 1 were formulated to contain 94% of the same basal ingredients.
The 6% variable supplement consisted of a source of soybean or hen’s egg phospholipid
.  and of peanut oil, except in the PL-free diets PO 6% peanut oil and INO 2% inositol
. and 4% peanut oil . Food particles 100–200 mm during the first week, 200–400 mm
. . during the second week were delivered continuously 5 times every 10 min during the
.  . light period 6 AM–10 PM by an automatic dispenser Charlon and Bergot, 1986 . Live
. food consisted of Artemia nauplii Frippak, USA origin, Sanofi Aquaculture, France
from batches hatched every morning and was also dispensed continuously during the() S. Fontagne et al.rAquaculture 161 1998 213–223 ´ 215
Table 1
a . Characteristics of experimental casein-based diets wt.%
de Peanut oil PC PI Other PL Other lipids Inositol
Diets
b PO1 6.0 yyy y y
c PO2 6.0 yyy y y
b INO 4.0 yyy y 2.0
b P11 4.0 0.1 1.3 0.6 yy
c P12 2.5 0.1 1.6 0.8 1.0 y
c HPC 4.0 2.0 yy y y
b PC1 4.0 1.7 y 0.2 0.1 y
c PC2 4.0 2.0 yy y y
b EPC 4.0 1.4 y 0.6 yy
a . .  .  . Casein basis: casein 42.5% , casein sodium salt 12.5% , casein hydrolysate 5% , dextrin 25% , vitamin
.  . mixture 10% and mineral mixture 5% .
b . Experiment 1 Geurden et al., 1997a .
c . Experiment 2 Geurden et al., 1997b .
dOther PL: phosphatidylethanolamine and phosphatidic acid.
eOther lipids: triacylglycerols, glycolipids and pigments.
light period by a peristaltic pump. Food was delivered in excess as assessed by
accumulation of food particles in the bottom of the tank, or the permanent presence of
live prey in the case of Artemia fed group.
.  . Sampling occurred 4–5 h Artemia or 5–6 h artificial diets after the beginning of
food delivery. Larvae were sampled on days 6 and 8 of the experiments. These stages
 were selected as survival was still high in all these groups 91–100% on day 6 and
. 81–99% on day 8 . In the following days, mortality increased in the slow-growing
larvae fed the PL-free diets and, at a larger larval size, in the fast-growing larvae fed the
. PC-rich diets Geurden et al., 1997a,b . In the PI-fed group, survival was high and initial
growth was intermediate between those of groups fed PL-free and PC-rich diets.
. Sampled larvae were anaesthetized in diluted 2-phenoxyethanol 1:2500 , immersed in a
. fixative, Serra ethanolrformalinracetic acid: 6r3r1 and embedded in paraffin. Serial
. sections 10mm of longitudinally oriented larvae were stained by alcian blue, periodic
. acid Schiff reagent PAS , Groat haematoxylin and orange G according to Escaffre and
. Bergot 1986 .
Eighty paraffin-embedded larvae were examined representing 2 ages=10 diets=2
rearing tank per diet=2 larvae per tank. Larvae with steatosis were numbered. The term
intestinal steatosis was applied, without pathological connotation, when clear vacuoles
with diameter greater than 5mm were observed in the enterocytes. All observations were
performed in the mid-part of the intestinal segment between the oesophagus and the site
. of protein macromolecule absorption Escaffre et al., 1989 . The correspondence of the
clear vacuoles in the enterocytes of paraffin-embedded larvae with lipid droplets was
checked in other larvae sampled in the same conditions, fixed in 10% formalin,
. freeze-sectioned and stained either with Sudan black B RAL, France for total lipid or
.  . Nile blue Touzart and Matignon, France for neutral lipid Gabe, 1968 .() S. Fontagne et al.rAquaculture 161 1998 213–223 ´ 216
All paraffin-embedded larvae were examined with a semi-automatic image analyser
.  VIDS-IV, Systemes Analytiques, France . Mean heights distance between the basal `
. lamina and the extremity of the brush border of 40 enterocytes located in the lateral part
of mucosal folds of the ventral side of the intestine were measured in each larva.
Total liver volume, excluding gall bladder, was estimated by multiplying the sum of
 the surface areas, measured on every 10 serial sections, by 100 mm for 60 larvae in
experiment 1, instead of 8 larvae per diet, only 4 larvae representing 2 ages=1 rearing
tank per diet=2 larvae per tank could be measured, as some serial liver sections were
. damaged . For comparison of liver volume of larvae with similar size, the mean eye
volume of each larva was determined by the same method and used as an internal
. standard of fish size Alami-Durante, 1990 .
. Hepatocyte volume was calculated according to Escaffre and Bergot 1986 , based on
the counts of hepatocyte nuclei in a given microscopic field, the mean diameter of
. hepatocyte nuclei for the correction of Abercrombie , and the proportion of constituents
other than hepatocytes, such as capillary blood vessels, in the observed surface area of
hepatic tissue. This method assumes that hepatocytes are mononucleated.
. Daily specific growth rates SGR of eye, liver and hepatocyte volumes were
calculated by:
SGRs100 ln 8-dayvolume yln 6-dayvolume r2 . .
Statistical analyses were carried out at the 0.05 significance level with the computing
. program STAT-ITCF ITCF, 1988 . The numbers of larvae with intestinal steatosis were
analysed by x
2 tests. Measurements of enterocyte height, eye, liver and hepatocyte
volume were averaged for the two larvae sampled in each rearing tank, and means were
. compared by analyses of variance of a two-way classification diet and age and the
Newman–Keuls test. Enterocyte height means were compared without transformation,
whereas organs and cell volume means were analysed after log-transformation. Fitting of
straight line through the origin was calculated according to Snedecor and Cochran
.  . 1971 . Data were reported as means"standard error of mean S.E.M. .
3. Results
Examination of paraffin sections showed that food was present in the lumen of the
digestive tract of all larvae. Lipid absorption was effective for all larvae as indicated by
the presence of lipids in the anterior enterocytes in frozen sections stained by Sudan
black, either with a diffuse appearance in PC-fed larvae, or with numerous additional
large droplets in larvae fed PC-free diets. These droplets were composed of neutral lipid
as evidenced by a pink colour of Nile blue and corresponded to the clear vacuoles
observed in the enterocytes of paraffin sections. The largest vacuoles greater than 5 mm
and up to 15 mm were observed mostly in the supra nuclear cytoplasm of absorbing
cells, and were especially conspicuous in cells located on the apical part of the mucosal
. folds Fig. 1 .
Intestinal steatosis was noted for all the larvae fed the three PL-free diets, except in
. one 8-day larva fed diet INO Fig. 2A . It was also found in all 6-day larvae fed the two() S. Fontagne et al.rAquaculture 161 1998 213–223 ´ 217
Fig. 1. Longitudinal paraffin 10 mm-thin sections. Anterior intestinal epithelium in 8-day larva fed diets PO2
. . A and PC2 B . Scale bars10 mm; arrow: lipid vacuoles; L: intestinal lumen.
PI-enriched diets and in three out of eight 8-day larvae from the same group. In contrast,
no vacuolation occurred in larvae fed the four PC-enriched diets orArtemia. A highly
significant x
2 test indicated that the occurrence of vacuoles was related to PC
 supplementation occurrence of intestinal steatosis: in 34 out of 40 larvae fed PC-defi-
. cient diets vs. none of those fed PC-supplemented diets .
. The mean height of enterocytes Fig. 2B was higher in larvae fed PL-deficient diets
.  38.81"0.45 mm, ns24 than in larvae fed PC-enriched diets or Artemia 31.86"0.26
. mm, ns40 and intermediate in larvae fed PI-enriched diets 35.52"0.86 mm,() S. Fontagne et al.rAquaculture 161 1998 213–223 ´ 218
. . Fig. 2. Effects of dietary phospholipids on intestinal steatosis frequency A and on enterocyte height B . Data
. are expressed as the means with S.E.M. bar B of measurements of the eight larvae fed a same diet as effect
of larval age and interaction were not significant. Different letters between diets indicate a significant
2 . . difference according to the x test A or the Newman–Keuls test B .
. . ns16 . The effect of larval age 6 or 8 days of feeding on enterocyte height was not
significant.
. Eye volume Ev showed differences related to the diet and 4 groups could be
 y33 . distinguished: larvae fed the three PL-deficient diets 47"2=10 mm , ns24 ,
 y33 . larvae fed the two PI-supplemented diets 59"4=10 mm , ns16 , larvae fed the
 y33 . four PC-supplemented diets 68"3=10 mm , ns32 , larvae fed Artemia 123"
y33 . 11=10 mm , ns8 . Ev of larvae fed the original PC diets was 1.4 times higher than
Ev of larvae fed PL-deficient diets. Ev increased with age, specific growth rates were
7% for the PL-free fed group, 12% for the PI-fed group, 13% for the PC-fed group and
21% for the Artemia-fed group.
. The PAS reaction was positive in liver of all larvae. Liver volume Lv was the
 y33 . smallest in larvae fed PL-deficient diets 106"8=10 mm , ns16 . It was three
times larger in larvae fed the original PC-supplemented diets. Lv increased with age.
SGRs were less than 1% for the PL-free fed group, 20% for the PI-fed group, 11% for
the PC-fed group and 27% for theArtemia-fed group. Comparison of larvae with similar
 y33 Ev 62"1 and 64"4=10 mm for 6-day larvae fed the original PC, ns8, and for
. larvae fed PI, ns12, respectively showed higher Lv in the PC-fed group 267"21=
y33 . y33 . 10 mm than in the PI-fed group 177"24=10 mm .
The relationship between Lv and Ev was approximated by Lvsk=Ev. The null
hypothesis that the line, assumed straight, went through the origin, was checked for each
. group. The ratio LvrEv Fig. 3A was higher in larvae fed the three original PC-en-
. riched diets orArtemia 4.54"0.23, ns24 than in larvae fed the six other diets
. 2.43"0.12,ns36 .() S. Fontagne et al.rAquaculture 161 1998 213–223 ´ 219
. . Fig. 3. Effects of dietary phospholipids on liver volumereye volume ratio A and hepatocyte volume B .
 . Data are expressed as the means with S.E.M. bar of measurements of 8 larvae fed a same diet except in A :
. only 4 larvae for the diets of experiment 1 . The data from the two sampling days were pooled, as interaction
was not significant. Bars with different letters are significantly different according to the Newman–Keuls test.
. The mean hepatocyte volume Hv separated two groups: one with large hepatocytes
 3 . 6200"200 mm,ns32 , including larvae fed Artemia, soybean PC and egg PC, and
 3 . the other with smaller hepatocytes 3900"100 mm, ns48 , including larvae fed
. hydrogenated PC and PC-free diets Fig. 3B . Effect of larval age was significant and
8-day data were always higher than 6-day data. Comparison of larvae with similar Ev
 3. showed higher Hv in the PC-fed group 6000"300 mm than in the PI-fed group
 3. 4400"200 mm . The nuclear diameter of hepatocytes was not different between diets
. 6.72"0.04 mm, ns80 .
4. Discussion
The presence of fat droplets in the enterocytes of fish is a common phenomenon that
has been observed in various freshwater and marine species, not only in larvae
Watanabe, 1985; Boulhic and Gabaudan, 1992; Bengtson, 1993; Bisbal and Bengtson,
. 1995; Sarasquete et al., 1995 but also in juveniles Iwai, 1969; Bergot and Flechon, ´
. .  . 1970 . Deplano et al. 1991 and Verreth et al. 1992 noted large lipid droplets in larvae
 fed Artemia whereas, in the present experiments, only small lipid droplets diameter
. inferior to 5 mm were observed in larvae fed Artemia. These differences could be due
to the rhythm of food intake.
. Segner et al. 1993 indicated that fat droplets were more numerous and larger in
larvae fed artificial diets than in larvae fed live food. The latter authors suggested that() S. Fontagne et al.rAquaculture 161 1998 213–223 ´ 220
the enhanced lipid deposition in enterocytes after dry food-feeding could be pathological
but did not exclude other explanations such as an enhanced apical absorption or an
impaired basal release of lipids by the enterocytes. In the present experiments, there was
no evidence of a pathological origin of the steatosis, which was observed in larvae fed
PI, with high survival, and in larvae fed PL-free diets, with high subsequent mortality
. Geurden et al., 1997a,b . As it is generally accepted that PL have a beneficial effect on
lipid emulsification in the intestinal lumen, it seems unlikely that steatosis in larvae fed
PL-free diets could be due to an increased fatty acid uptake by absorptive cells,
compared to PC-fed larvae. In fact, the present observations indicate that uptake and
esterification of fatty acids occurred without addition of PL to the diet, possibly because
there was a sufficient quantity of PL of endogenous origin for micelle formation in the
intestinal lumen. This reduces the importance of dietary PL as an emulsifier that was
. proposed by Koven et al. 1993 .
Intestinal fat droplets can be interpreted as a temporary storage form of re-esterified
fatty acids that accumulate when fatty acid uptake exceeds exporting capacities of
enterocytes. The form of exportation of absorbed fatty acids from fish enterocytes is
. chylomicrons or very low density lipoproteins VLDL , the former being smaller but
. similar to those of mammals Bergot, 1981; Sheridan, 1988 .
Thus, based on the morphological aspect of intestinal lipid absorption, two categories
were distinguished: on one hand, larvae fed PC-enriched diets, including the hydro-
genated PC-supplemented diet, and, on the other hand, all other PC-deficient diets,
including both PI-rich diets and PL-free diets. Larvae fed Artemia in which PC is the
. main PL class McEvoy et al., 1996 were in the same category as PC fed larvae. This
suggests a specific function of PC for the synthesis and secretion of chylomicrons or
VLDL, and thus the prevention of epithelial steatosis. Two different mechanisms could
be involved. First, PC is by far the major constituent of the polar lipid moiety of all
. lipoproteins, amounting for up to 95% in VLDL of Atlantic salmon Lie et al., 1993 .
Secondly, PC could have a specific effect on lipoprotein synthesis, as observed in vitro
. in a rat intestinal preparation by Field and Mathur 1995 . These authors reported a
specific effect of PC, not obtained by phosphatidylethanolamine or by phosphatidylser-
ine, on the synthesis of the apoprotein B.
A reduction of the enterocyte height has been used as a criterion of starvation in
 . larvae Theilacker and Watanabe, 1989; Segner et al., 1993; McFadzen et al., 1994 .
Regarding the good growth results of carp larvae fed Artemia or PC-enriched diets
. Geurden et al., 1997a,b , the decrease of enterocyte height was not due to underfeeding
conditions. Besides, active lipid absorption with a diffuse appearance was observed in
all groups. The larger size of the enterocytes in larvae with epithelial steatosis was
probably only the mechanical consequence of fat accumulation.
The LvrEv ratio, instead of raw data of liver volume, was used to take into account
the size variations of larvae. The eye volume was assumed to depend only on the body
size of the larvae, and not on the PL diet composition, but this remains to be confirmed.
The Ev variations of sampled larvae were in accordance with the lateral surface area
. variations of larvae fed the same artificial diets Geurden et al., 1997a,b . Hepatocyte
volume can be expected to be less affected than liver volume by larval size. It is
 stabilized a few days after first feeding in rainbow trout alevins Escaffre and Bergot,() S. Fontagne et al.rAquaculture 161 1998 213–223 ´ 221
. 1986 . In larval fish, liver volume can be increased by a factor of two when feeding
. carbohydrate-rich diets Szlaminska et al., 1991 , and decreased by one-half when
. starved, also reducing the size of hepatocyte nuclei Escaffre and Bergot, 1986 .
Hepatocyte volume can also be increased by several nutritional disorders, for instance by
. essential fatty acid deficiency Watanabe et al., 1989 . In the present experiments, larvae
fed PL-deficient diets that had the smallest liver volumes were not starved, as the
diameter of hepatocyte nuclei was not different between groups. The great relative liver
volumes and the voluminous hepatocytes that were observed in larvae fed PC-rich diets
cannot be ascribed to a nutritional imbalance, as they were similar to those of larvae fed
Artemia and indicate a well-fed status. This could be related to a higher flux of
chylomicrons and VLDL from the intestine into the liver in larvae fed PC compared to
larvae fed PL-free diets or PI. The intermediate status of larvae fed hydrogenated PC
. could be due to the high level of stearic acid in this diet Geurden et al., 1997b . The
. fatty acid composition of phospholipids of HDL recombinants Leduc et al., 1987 or
. triacylglycerols of chylomicron-like emulsions Mortimer et al., 1994 has been shown
to affect their removal from the blood in rat. In the case of PI, the necessity of an
intestinal conversion into PC, assuming a relatively constant PL class composition of
lipoproteins, could be the limiting factor of the flux of lipids into liver.
In conclusion, the present work indicates a peculiar role of PC, which is not shared
by PI, for the chylomicrons or VLDL secretion by enterocytes; thus, for the prevention
of temporary accumulation of fat droplets in anterior intestine and also probably for the
subsequent energetic utilization of absorbed neutral lipid by larvae.
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